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Abstract
Bisphenol A (BPA) is a harmful environmental contaminant acting as an endocrine disruptor in
animals, but it also affects growth and development in plants. Here, we have elucidated the
functional mechanism of root growth inhibition by BPA in Arabidopsis thaliana using mutants,
reporter lines and a pharmacological approach. In response to 10 ppm BPA, fresh weight and
main root length were reduced, while auxin levels increased. BPA inhibited root growth by
reducing root cell length in the elongation zone by suppressing expansin expression and by
decreasing the length of the meristem zone by repressing cell division. The inhibition of cell
elongation and cell division was attributed to the enhanced accumulation/redistribution of auxin
in the elongation zone and meristem zone in response to BPA. Correspondingly, the expressions
of most auxin biosynthesis and transporter genes were enhanced in roots by BPA. Taken
together, it is assumed that the endocrine disruptor BPA inhibits primary root growth by
inhibiting cell elongation and division through auxin accumulation/redistribution in
Arabidopsis. This study will contribute to understanding how BPA affects growth and
development in plants.
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Summary statement:
Endocrine disruptor BPA inhibits primary root growth by reducing cell division in meristem
zone and cell elongation in elongation zone through auxin accumulation and distribution.
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Introduction
Environmental and agricultural contamination with endocrine disruptors such as bisphenol A
(BPA; 2,2-bis(4-hydroxyphenyl)propane) have gained considerable global attention in recent
years due to the high potential risk that they pose to the environment, ecosystems and human
health (Hunt et al., 2009; Wee and Aris, 2017). Endocrine-disrupting compounds (EDCs) are
any chemical compounds that are able to emulate endocrine hormones or act as hormone
analogues to interrupt normal hormonal functions. BPA is known as an estrogenic EDC and has
been used in the production of various consumer durables, such as polycarbonate, polyacrylate,
clear plastic, beverage and food cans and medical equipment (Cooper et al., 2011; Goodson et
al., 2002). The annual production of BPA is estimated at 3.7 million tons worldwide (Mihaich
et al., 2009). Given that BPA can be released to the soil from different sources, such as
wastewater effluents and sewage sludge (Flint et al., 2012; Meesters and Schroder, 2002), plants
may face a BPA challenge during their lifespan. Despite many reports regarding the effect of
BPA on animals (Canesi and Fabbri, 2015; Flint et al., 2012), relatively little is known about
the response of plants to BPA exposure.
According to previous reports, BPAhas been found to affect plants in a dose-dependent
manner. For example, 1 ppb to 1 ppm BPA positively affects the growth of soybean (Glycine
max) and the shoot differentiation of carrot (Daucus carota) calli (Terouchi et al., 2004). In
contrast, BPA was toxic to broad bean (Vicia faba L.), tomato (Solanum lycopersicum L.),
durum wheat (Triticum durum Desf.) and lettuce (Lactuca sativa L.) at concentrations of 10-50
ppm (Ferrara et al., 2006). A low concentration of BPA (1.5 ppm) enhanced the growth of
soybean seedlings, but at higher concentrations (7-50 ppm), it decreased growth, photosynthetic
rate and chlorophyll content (Qiu et al., 2013). Exposure of Arabidopsis thaliana seedlings to
1-5 µM BPA (0.23-1.14 ppm) increased root length, lateral root formation and fresh weight,
whereas values for these traits were reduced at 10-25 µM (2.28-5.7 ppm) (Pan et al., 2013).
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Higher concentrations of BPA (over 30 µM) inhibited plant growth by enhancing reactive
oxygen species and lipid peroxidation in Arabidopsis (Ali et al., 2017) and soybean (Zhang et
al., 2016). It was also reported that approximately 50-100 ppm BPA disrupted microtubule
arrays, thereby inhibiting cell division in pea (Pisum sativum L.), the gymnosperm Abies
cephalonica, Triticum turgidum (durum wheat) and Allium cepa (onion) (Adamakis et al., 2019,
2016, 2013). In addition, 5-10 ppm BPA inhibited pollen tube growth by decreasing the
deposition of cell wall components through disrupting Ca2+ gradients and actin filaments in
Picea meyeri (Chang et al., 2015). In mung bean (Vigna radiata), BPA treatment caused root
and shoot growth retardation at the concentration of 750 ppm and 1000 ppm in soil, respectively
(Kim et al., 2018a). Moreover, cucumber (Cucumis sativus L.) leaf infiltration with BPA
inhibited photosynthesis rate and enhanced reactive oxygen species accumulation (Li et al.,
2018a).
The plant hormone auxin has been implicated in various aspects of plant growth and
responses to environmental stress, and its accumulation in different parts of the plant mainly
relies on its synthesis, conjugation and degradation, and its distribution as affected by polar
transport (Grieneisen et al., 2007; Li et al., 2011; Mano and Nemoto, 2012; Petrasek and Friml,
2009; Ruzicka et al., 2007; Wang et al., 2009). During the last decades, the involvement of
auxin signaling and transport has been extensively explored in various aspects of root
development, such as root cell division and elongation (Ding and Friml, 2010), directional
growth of roots (Philosoph-Hadas et al., 2005; Rakusova et al., 2011), and root patterning (Friml
et al., 2002; Petersson et al., 2009; Sabatini et al., 1999). The main components of polar auxin
transport include the auxin influx carrier AUX1 (AUXIN RESISTANT 1) and the auxin efflux
carriers PIN (PIN-FORMED) and ABCB (ATP-binding cassette family B) transporter family
proteins (Balzan et al., 2014). In this regard, acropetal auxin transport is mediated mainly by
PIN1/3/4/7 from the stele to the meristem, while basipetal transport through lateral root cap and
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epidermal cells is regulated by the function of PIN2 and AUX1 (Krecek et al., 2009).
Multiple tryptophan-dependent pathways have been proposed for auxin biosynthesis,
including tryptamine (TAM), indole-3-acetaldoxime (IAOx), indole-3-acetamide (IAM), and
indole-3-pyruvic acid (IPyA), in which different genes and enzymes such as AMI1
(AMIDASE-LIKE PROTEIN 1), AAO1 (ALDEHYDE OXIDASE 1), YUCCA (YUC), NIT
(NITRILASE) and GH3 (PUTATIVE INDOLE-3-ACETIC ACID-AMIDO SYNTHETASE)
regulate the synthesis of indole-3-acetic acid (IAA) as an auxin (Mashiguchi et al., 2011; Zhao,
2012).
The involvement of auxin biosynthesis and transport in root growth inhibition under
different environmental stress conditions have been reported in several studies. For instance,
root length inhibition in response to aluminum is attributed to the altered auxin synthesis via
TAA1 (TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1) and altered
distribution through upregulation of AUX1 and PIN2 expression (Sun et al., 2010; Yang et al.,
2014). Manganese inhibited root elongation by decreasing auxin biosynthesis and auxin
transport that was mediated by PIN4 and PIN7 (Zhao et al., 2017). Aluminum-treated barley
(Hordeum vulgare) displayed root growth inhibition with enhanced expression of DR5 in the
meristem, elongation zone, and stele in roots, suggesting that higher auxin may inhibit root
growth, probably by decreasing root cell division and elongation (Bai et al., 2017). Copper
treatment increased auxin activity (DR5 expression) in the meristem and elongation zones by
reducing PIN1 expression, leading to reductions in meristem size, cell division activity, and
elongation zone size inArabidopsis (Yuan et al., 2013). Arabidopsis grown on low boron media
showed a reduced root meristem size with higher auxin level (low DII-VENUS expression) in
the stele, which was likely caused by reduced expression of PIN1 (Li et al., 2015a). Nitric oxide
negatively regulated auxin transport via downregulation of PIN1, decreasing the primary root
growth ofArabidopsis (Fernandez-Marcos et al., 2011). In another study, nitric oxide-mediated
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auxin accumulation and signaling were found to be responsible for Cd2+-induced root length
reduction via reduction of PIN1/3/7 protein level and stabilization ofAXR3 and IAA17 proteins
(Yuan and Huang, 2016).
The connection between BPA and auxin in root growth inhibition was also suggested.
In soybean, root growth and auxin (IAA) increased at 1.5 ppm BPA, while both were reduced
at over 3 ppm BPA (Li et al., 2018b; Wang et al., 2015). In addition, the expression level of
auxin signaling gene ACS11 encoding a 1-amino-cyclopropane-1-carboxylate synthase 11 was
reduced by over 10 nM BPA in Arabidopsis (Frejd et al., 2016).
Although negative effects of BPA on root growth have been reported in some studies,
the molecular mechanisms underlying this inhibition remain poorly understood. Here we
elucidated a mechanism that BPA inhibits primary root growth by inhibiting cell elongation and
division through auxin accumulation/redistribution in Arabidopsis using gene expressions,
mutants, reporter lines and a pharmacological approach because auxin is the most influential
hormone in root growth. This study may contribute to understanding how BPA affects plant
growth and development.
Materials and methods
Plant materials and growth conditions
All the experiments were performed in Arabidopsis thaliana ecotype Columbia (Col-0).
Transgenic lines used in this study were as follows: DR5rev::GFP (ABRC, CS9361),
pPIN1::PIN1-GFP (ABRC, CS23889), DII-VENUS (ABRC, CS799173), pPIN4::YFP (NASC,
N2106114), pUPB1::YFP (NASC, N2106126), pCYCB1;1::GUS and pDR5::GUS (Dr. Jun
Lim, Konkuk Univ) (Kim et al., 2018b; Lee et al., 2012) , pPIN7::GUS, pPIN7::PIN7-GUS
(Dr. Eva Benková, Institute of Science and Technology, Austria) (Benkova et al., 2003),
pAUX1::AUX1-YFP and pPIN2::PIN2-GFP (Dr. Klaus Palme, Albert-Ludwigs-University of
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Freiburg) (Swarup et al., 2008, 2001). Arabidopsis mutant lines including pin1
(SALK_047613), pin2 (SALK_122916C), pin3-4 (SALK_038609), pin4-3 (CS9368), pin7
(SALK_048791C), abcb1 (SALK_046440), abcb4 (SALK_072020), abcb14-2
(SALK_026876C), abcb15 (SALK_034562C), abcb19 (SALK_031406), and aux1
(SALK_020355C) were obtained from the Arabidopsis Biological Resource Center (Ohio State
University). All seeds were surface-sterilized and incubated for 3 days at 4 °C for vernalization.
The seeds were sown in Petri dishes (90 mm diameter) containing a half-strength MS medium
(Murashige and Skoog medium pH=5.7). Then, the plates were placed vertically in a growth
chamber under a 16-h light (cool white fluorescent light at 150 μmol m−2 s−1)/8-h dark
photoperiod and day/night temperatures of 23/21 °C. BPA (Sigma–Aldrich, Korea, Cat#
133027) was dissolved in DMSO to obtain a 100 mM (22,829 mg/L) stock solution and added
to the media after autoclaving at the indicated concentrations. All the experiments were
performed using 10-day-old seedlings unless otherwise indicated.
Chemical treatments
Stock solutions of 1-naphthylphthalamic acid (NPA) and 1-naphthoxyacetic acid (NOA) were
prepared in DMSO, while that of potassium iodide were prepared in water and those of 1-
naphthaleneacetic acid (NAA) and indole-3-acetic acid (IAA) were prepared in 1N NaOH, and
they were added to the 1/2 MS agar media after autoclaving to make the following
concentrations: NPA (Sigma-Aldrich, Korea, Cat# N12507) was prepared at 1 µM, NOA
(Thermo Fisher Scientific, Korea, Cat# L01036) at 1 µM, IAA (Sigma-Aldrich, Korea, Cat#
I2886) at 100 and 200 nM and NAA (Sigma-Aldrich, Korea, Cat# N0640) at 100 and 200 nM.
The plants were treated with these chemicals for 10 days on agar media unless otherwise
indicated.
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Root examination and measurement
The lengths of the primary root, root meristem, elongation zone and elongation zone cells and
the number of root meristem cells were measured using 10-day-old Arabidopsis seedlings
grown on 1/2 MS and 1/2 MS supplemented with the indicated concentrations of BPA. Except
for the primary root length measurement, seedlings were incubated in 10 μg ml-1 propidium
iodide for 10 min (Invitrogen, USA) to stain the cell wall. After washing (2-3 times) with
distilled water to remove the excess dye, samples were examined with confocal laser scanning
microscopy (Leica TCS SP5, Germany). The length and cell number of the root meristem were
determined from the quiescent center to the starting point of the elongation zone. For elongation
zone cell length, the length of each cell (from start point of elongation zone to the start point of
differentiation zone) in the cortex layer was measured, and the average of all cells was indicated.
To measure the newly grown root length, 7-day-old seedlings media were exposed to 10 ppm
BPA for 24 h and then transferred to the 1/2 MS agar media to grow for two more days.
Consequently, the lengths of the newly grown roots for each treatment were measured. All the
measurements were performed using ImageJ software (NIH, USA, http://rsb.info.nih.gov/ij).
At least 30 plants were examined for each experiment, and the average of three independent
biological experiments was calculated.
RNA extraction and qRT-PCR analyses
RNA isolation, cDNA synthesis, and qRT-PCR were done as previously reported (Bahmani et
al., 2017; Kim et al., 2019). Each qRT-PCR experiment was carried out at least three times with
different cDNA sets obtained from three independent biological replicates. The sequence of the
primers used for qRT-PCR is listed in Supporting Information Table 1.
Confocal microscopy
5-day-old seedlings of transgenic GFP and/or YFP reporter lines were examined using a
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confocal laser scanning microscopy (Leica TCS SP5, Germany). All seedlings were incubated
in 10 μg ml-1 propidium iodide for 10 min (Invitrogen, USA), except for pAUX1::AUX1-YFP
and pUPB1::YFP, which are mounted in distilled water. The excitation and emission
wavelengths were 488 and 505-520 nm for GFP, 514 and 530 nm for YFP, 538 and 617 nm for
PI, respectively. Samples were observed at 20× magnification with an identical setting for each
set of samples to obtain an accurate signal intensity comparison between images. The signal
intensity was quantified using ImageJ software (NIH, USA, http://rsb.info.nih.gov/ij). For
microscopy images, three independent experiments were performed in which at least 10
seedlings were photographed in each treatment, and a representative image is shown.
ß-Glucuronidase Assay
Analysis of the ß-glucuronidase activity in transgenic plants expressing a GUS reporter was
carried out as previously described (Prasinos et al., 2005). In summary, 5-day-old seedlings
were immersed in GUS assay solution (50 mM NaPO4 buffer pH 6.8, 0.5 M EDTA pH 8.0, 0.5
mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, 20% Triton X-100 and 2 mM X-
gluc; 5-bromo-4-chloro-3-indolyl-D-glucuronidase) and incubated at 37°C. The GUS staining
duration varied for each marker line as follows: 3-8 h for pDR5::GUS, 2 h for pCYCB1;1::GUS,
30 min for pPIN7::PIN7-GUS and 2 h for pPIN7::GUS. Images were captured with a
microscope (Zeiss Axioplan2). This experiment was repeated three times, and 10 seedlings
were examined for each line.
Quantification of bisphenol A
Wild-type (Col-0) Arabidopsis seedlings were grown vertically for 2 weeks on a 1/2 MS agar
media supplemented with varying concentrations (0 to 10 ppm) of BPA. 1 mL of methanol
(Sigma-Aldrich, Korea) was added to ground roots (0.3 mg) and shoots (0.6 mg), and extracted
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methanolic supernatants were analyzed. An Acquity UPLC-MS/MS system (Waters, Milford,
MA, USA) was used with an electrospray ionization source. The column used for the separation
was an Acquity UPLC BEH C18 (1.7 µm, 2.1 × 100 mm). The mobile phases consisted of
distilled water (solvent A) and methanol (solvent B). The gradient elution was performed at a
flow rate of 0.4 mL/min. The following gradient was employed: 0 min, 80:20 (A:B); 4.5 min,
35:65; 5.6 min, 100:0; 7 min 100:0; 7.01 min 80:20; and 9:00 min, 80:20. Themultiple reactions
monitoring (MRM) was performed in the negative ion mode for mass detection. The target ions
used for MRM were m/z 227.1→212.0 for BPA and m/z 241.3→223.2 for BPA-d16 (internal
standard). The calibration curve was constructed over the concentration range of 10-500 ng/mL.
The average of three independent biological experiments was calculated.
Statistical analysis
All data were subjected to an analysis of variance (ANOVA) using SAS software (version 9.1),
and comparisons of the means were performed according to Tukey’s test at P ≤ 0.05. 
Results
BPA reduces the length of the root elongation zone by repressing cell elongation
Plants were germinated and grown for 14 days on agar media containing a range of
concentrations of BPA. The 10 ppm BPA treatment reduced root length by 65% compared to
treatments lacking BPA (Figure 1a and c), and there were no visible root hairs at 10 ppm BPA.
Correspondingly, BPA accumulation in Arabidopsis increased dramatically at 10 ppm BPA,
which explains why Arabidopsis growth was inhibited at 10 ppm BPA (Figure 1b). To
understand how the primary root growth was inhibited by BPA, the length of the elongation
zone and the cell length were measured. As shown in Figures 1d, e and f, the elongation zone
length and the cell length of elongation zone were reduced by approximately 20% in response
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to 10-day treatment of 10 ppm BPA. To elucidate the mechanism for the reduction in the
elongation zone cell length by BPA, the expressions of expansin genes involved in root cell
elongation by cell wall loosening (Mcqueenmason and Cosgrove, 1994) were examined. As
shown in Figure 1g, the expression of EXPA8 (Ma et al., 2013) and EXPA10 (Che et al., 2016;
Kuluev et al., 2012), which are involved in root cell elongation by cell wall loosening, was
inhibited by BPA treatment,. Among these expansin genes, the AtEXPA10 transcript level was
greatly reduced, implying the importance of AtEXPA10 in root cell elongation. In support of
this result, RNAseq data showed a 22-fold reduction of AtEXPA10 when plants were immersed
in 1 ppm BPA solution for 6 h (Table S2).
BPA decreases the length of the root meristem by inhibiting cell division
To examine another candidate for a mechanism by which BPA inhibits the primary root growth,
the length and cell number of the meristem zone were measured. As shown in Figure 1f, 2a and
b, the meristem length and meristem cell number were reduced by approximately 20% in
response to a 10-day treatment of 10 ppm BPA. Next, to examine a mechanism underlying the
reduction in meristem cell number, the cell division activity of the meristem was examined
using CYCB1;1::GUS-expressingArabidopsis. As shown in Figures 2c, the reduced expression
of CYCB1;1 by BPA indicates decreased cell division activity. In addition, the transcript level
and promoter activity of UPB1 (UPBEAT1), which promotes the transition from cellular
proliferation to differentiation between the meristem zone and the elongation zone by regulating
reactive oxygen species balance (Tsukagoshi et al., 2010), were enhanced by BPA (Figure 2d
and e). This may result in the reduction in root meristem size, which is consistent with the
phenotype of UPB1-expressing Arabidopsis (Tsukagoshi et al., 2010).
BPA-induced auxin accumulation and redistribution in the root meristem and elongation
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zone inhibits cell elongation and division
To elucidate a mechanism for BPA-mediated inhibition of root growth, the auxin level was
examined using the DR5 (auxin-responsive gene) expression in pDR5::GUS- (Ulmasov et al.,
1997) and pDR5rev::GFP-expressing (Benkova et al., 2003) transgenicArabidopsis. As shown
in Figures 3a, DR5-GUS expression was enhanced at the meristem and stele by 1 ppm BPA and
this expanded to the elongation zone at 10 ppm BPA, indicating higher accumulation of auxin
in these regions (meristem zone, elongation zone and stele) in response to BPA. DR5-GFP
expression was also increased in the meristem zone and stele by 10 ppm BPA (Figure 3c). In
addition, DR5-GUS expression was fully enhanced within 24 h by 10 ppm BPA in the meristem
zone, elongation zone and stele (Figure 3b). Furthermore, DII-VENUS, the auxin-signaling
sensor (Brunoud et al., 2012), which is degraded by auxin, displayed a reduced expression in
response to BPA, indicating higher accumulation of auxin by BPA (Figure 3d). These data
suggest that in response to BPA, auxin was transported downward to the meristem zone via the
stele and then was transported upward to the elongation zone; therefore, a higher level of auxin
may repress cell division and cell elongation in the meristem zone and elongation zone,
respectively. In addition, auxin over-accumulation may reduce root meristem enlargement (Li
et al., 2015b).
To examine whether the enhanced auxin actually inhibits cell elongation and division
in roots, Col-0 Arabidopsis was germinated and grown for 10 days on 1/2 MS agar plates with
and without 100 nM and 200 nM IAAand NAA.As shown in Figures 4a-d, primary root growth
and expressions of EXPA8, EXPA10 and CYCB1;1 were reduced by IAA and NAA, suggesting
that BPA-induced auxin accumulation in the elongation zone and meristem zone inhibits root
growth by reducing cell elongation and division.
Auxin biosynthesis is enhanced in response to BPA
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To understand how the auxin level was increased in the meristem and stele, the expression
levels of the auxin biosynthesis genes AtAAO1 (ALDEHYDE OXIDASE 1, AT5G20960),
AtAMI1 (AMIDASE 1, AT1G08980), AtNIT1 (NITRILASE 1, AT3G44310), AtYUCCA1
(YUC1, AT4G32540), and AtYUCCA5 (YUC5, AT5G43890) were measured using qRT-PCR.
As shown in Supporting Information Figure 1 (Figure S1), all genes involved in auxin
biosynthesis except NIT1 displayed enhanced expressions in response to BPA, suggesting that
BPA increased the auxin level in roots by enhancing the biosynthesis of auxin in Arabidopsis.
Based on the enhanced expressions in AAO1 and AMI1 but not in NIT1 by BPA, it appears that
BPA promotes the auxin synthetic pathway involving IPyA (indole-3-pyruvic acid) and IAM
(indole-3-acetamide) rather than IAN (indole-3-acetonitrile).
BPA modulates the auxin distribution in roots by regulating the expressions of auxin
transporters
To examine how auxin transporters participate in BPA-induced auxin distribution, the
expression levels of the auxin transporter genes AtABCB1 (ATP-BINDING CASSETTE B1,
AT2G36910), AtABCB4 (AT2G47000), AtABCB14 (AT1G28010), AtABCB15 (AT3G28345),
AtABCB19 (AT3G28860), AtPIN1 (PIN-FORMED 1, AT1G73590), AtPIN2 (AT5G57090),
AtPIN3 (AT1G70940), AtPIN4 (AT2G01420), AtPIN7 (AT1G23080) and AtAUX1 (AUXIN
RESISTANT 1, AT2G38120) were examined using qRT-PCR. As shown in Supporting
Information Figure 2 (Figure S2), the transcript levels of the auxin efflux transporters ABCBs
(ATP-BINDING CASSETTE B) and PINs (PIN-FORMED), except PIN3, were increased by
BPA, while that of the auxin influx transporter AUX1 was reduced in response to BPA. In
addition, the protein expression levels of auxin transporters were examined (Figure 5).
pPIN1::PIN1-GFP Arabidopsis showed that PIN1 protein was mainly expressed in the stele
(Friml et al., 2002) and was enhanced by BPA (Figure 5a). While the transcript level of PIN2
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was enhanced by BPA (Figure S2), pPIN2::PIN2-GFP Arabidopsis displayed reduced
expression of PIN2 protein (Figure 5b), suggesting that the protein level does not match the
transcript content for PIN2. pPIN4::YFP-Arabidopsis showed that PIN4 was mainly expressed
in the root tip (quiescent center and columella) and stele (Friml et al., 2002; Marques-Bueno et
al., 2016), and the expression was enhanced but not expanded to other areas by BPA (Figure
5c). pPIN7::PIN7-GUS Arabidopsis indicated that PIN7 protein was expressed in the root tip
(columella) and stele (Vieten et al., 2005) (Figure 5d). Interestingly, PIN7 protein was not
increased by BPA, whereas the PIN7 transcript was enhanced by BPA (Figure 5d, e and S2),
suggesting that PIN7 is not involved in auxin redistribution induced by BPA. In addition,
pAUX1::AUX1::YFP-expressing Arabidopsis showed that BPA reduced the expression of the
auxin influx transporter AUX1, which was localized in the epidermis, stele and tip (Figure 5f).
To confirm the involvement of auxin transporter-mediated auxin redistribution in BPA-
induced root growth inhibition, root growth in response to BPA in auxin transporter mutants
was examined. As shown in Figure 5g, most auxin transporter mutants examined, except pin3
and pin7, displayed less reduction in root growth inhibition in response to BPAcompared to the
control Col-0. Since the PIN3 transcript level (Figure S2) and PIN7 protein level (Figure 5d)
were not significantly increased by BPA, pin3 and pin7 did not show any difference from the
control in root growth inhibition, suggesting that PIN3 and PIN7 are not involved in BPA-
induced auxin redistribution. Therefore, auxin is redistributed in response to BPA via the auxin
transporters PIN1, PIN2, PIN4, AUX1, and ABCBs in response to BPA.
To confirm the participation of auxin redistribution in BPA-induced root growth
inhibition, NPA (auxin efflux inhibitor) and NOA (auxin influx inhibitor) were applied. As
shown in Figure 6a, both NPA and NOA partially restored root growth inhibition incurred by
BPA, indicating the partial engagement of auxin transporter-mediated auxin redistribution in
BPA-inhibited root growth. In support of this, treatment with NPA or NOA decreased BPA-
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induced DR5-GUS expression/auxin accumulation in meristem zone, elongation zone and the
stele (Figure 6b). Interestingly, NOA was more effective than NPA in reducing auxin
accumulation. In addition, the NPA treatment partially rescued the BPA-inhibited expression of
CYCB1;1, which was not the case for NOA, suggesting the participation of auxin efflux but not
influx in cell division inhibition induced by BPA (Figure 6c).
Discussion
In this study, for the first time, we have shown that BPA inhibits primary root growth by
inhibiting cell division and elongation through auxin accumulation in the root meristem zone,
transition zone, and elongation zone.
In response to 10 ppm BPA, the length of the meristem zone was reduced leading to a
decrease in the main root length. This result may be caused by BPA-induced accumulation of
auxin in the meristem. However, it has been reported that auxin is positively involved in stem
cell niche and cell division activity in the meristem (Sabatini et al., 1999; Takatsuka and Umeda,
2014). Therefore, the decreased auxin accumulation in root tips is responsible for the lower cell
division activity in the root meristem, thereby inhibiting root growth (Fernandez-Marcos et al.,
2011; Yuan and Huang, 2016; Zhao et al., 2017). By contrast, several reports showed that higher
auxin accumulation is involved in inhibiting cell division, thereby in reducing the meristem size.
Treatment with the cytokinin 6-benzyladenine reduced the meristem size and root length
probably by increasing auxin level (DR5 expression) in the stele, meristem zone and elongation
zone via decreasing PIN1, 2, and 3 expression and by enhancing the PIN7 level in Arabidopsis
(Ruzicka et al., 2009). Alkaline stress decreased cell division activity by enhancing ethylene-
and AUX1-mediated auxin accumulation in the root meristem in Arabidopsis (Li et al., 2015b).
Benzoic acid reduced the size of the meristem and elongation zone by ethylene-mediated auxin
accumulation in root tips (meristem and elongation zone) via auxin biosynthesis, AUX1 and
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PIN2 in Arabidopsis (Zhang et al., 2018a). Based on these findings, our results suggest that
BPA reduces meristem size and thus root length by inhibiting cell division through
accumulating auxin in the meristem. However, it is also possible that BPA directly inhibits cell
division since BPA disrupts microtubule arrays in Pisum sativa, the gymnosperm Abies
cephalonica, Triticum turgidum (durum wheat), and Allium cepa (onion) (Adamakis et al., 2019,
2016, 2013).
Furthermore, the reduced cell length of the elongation zone by BPAmight be ascribed
to decreased expression of EXPA8 and 10. Additionally, the BPA-induced accumulation of
auxin in the transition zone and elongation zone (Figure 3a) may be responsible for the
decreased cell elongation in the elongation zone, since auxin was negatively involved in cell
elongation in the elongation zone when plants were challenged by benzoic acid (Zhang et al.,
2018a), boron deficiency (Camacho-Cristobal et al., 2015) cell wall damage (Tsang et al., 2011),
ethylene (Ruzicka et al., 2007; Swarup et al., 2007), and tungsten (Adamakis et al., 2014).
Furthermore, the expression of EXPA8 and EXPA10 was reduced by IAA and NAA (Figure 4b
and c). Combining these results, it seems that the cell elongation repression by BPA is ascribed
to the reduced expression of EXPA8 and 10 by higher accumulation of auxin in the elongation
zone. However, in contrast to our results, several studies have shown a positive relationship
between auxin and expansin expression. IAA-treated Arabidopsis seedlings showed higher
expression levels of EXPA1, EXPA4, and EXLA3 (Nemhauser et al., 2006). Moreover, several
expansin and related genes, including EXPA1, EXPA7, EXPA10, EXPA12, EXPA18, EXLA1,
EXLA2, and EXLA3, were upregulated in response to picloram (4-amino-3,5,6-
trichloropicolinic acid; a synthetic auxin) in the elongating hypocotyls of Arabidopsis seedlings
(Chapman et al., 2012). In CYP71Z2-overexpressing rice, which exhibited a lower level of IAA
and higher resistance to bacterial blight, the expression levels of six expansin genes, including
OsEXPA1, OsEXPA5, OsEXPA10, OsEXPB3, OsEXPB4 and OsEXPB7, were downregulated
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(Li et al., 2015c). In another study on rice, pathogen-induced IAA production positively
regulates the transcript levels of expansin genes and enhanced cell wall flexibility (Cosgrove,
1993; Ding et al., 2008). In contrast, it was also reported that auxin is positively involved in
cell elongation in the elongation zone; a lower level of auxin in the elongation zone due to
aluminum-induced auxin accumulation in the transition zone is responsible for reduced cell
elongation in Arabidopsis (Liu et al., 2016; Yang et al., 2014), and aluminum-treated maize
displayed a decrease in auxin level in the transition zone and elongation zone, resulting in root
growth inhibition (Zhang et al., 2018b), which supports the report of Kollmeier et al. (2000) in
which IAAtreatment to the elongation zone reduced root growth inhibition induced by alumium
application to the transition zone.
The higher accumulation of auxin in the root meristem is attributed to the enhanced
PIN1 and PIN4 levels and to reduced PIN2 and AUX1 expression (Figure 5). Since PIN1/4 are
involved in the acropetal downward transport of auxin to the meristem via the stele (Blilou et
al., 2005; Wabnik et al., 2011), the enhanced expression of PIN1/4 resulted in the higher level
of auxin in the meristem. Consistent with this result, BPAincreased the transcript levels of auxin
efflux transporters ABCBs (AtABCB1, AtABCB4, AtABCB14, AtABCB15 and AtABCB19), and
PINs (AtPIN1, AtPIN2, AtPIN4 and AtPIN7), while that of the auxin influx transporter AUX1
was reduced in response to BPA (Figure S2).
PIN1 is positively involved in auxin accumulation in the root meristem/tip (Fernandez-
Marcos et al., 2011; Ruzicka et al., 2007; Yuan and Huang, 2016; Yuan et al., 2013). In contrast,
the auxin level increased at the stele with reduced PIN1 expression in response to benzyladenine
(Ruzicka et al., 2009), copper (Yuan et al., 2013), and low boron (Li et al., 2015a). In addition,
PIN3 (Yuan and Huang, 2016), PIN4 (Zhao et al., 2017) and PIN7 (Ruzicka et al., 2009; Yuan
and Huang, 2016; Zhao et al., 2017) are engaged in auxin accumulation in roots. Interestingly,
PIN2 and AUX1, which participate in the basipetal shootward transport of auxin, are positively
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involved in auxin accumulation in the root meristem zone and elongation zone (Camacho-
Cristobal et al., 2015; Ruzicka et al., 2007; Swarup et al., 2007; Zhang et al., 2018a). Therefore,
the BPA-inhibited expression of PIN2 and AUX1 (Figure 5) suggests that sufficient auxin is
transported to the elongation zone, even with lower levels of PIN2 and AUX1. Similar results
were also reported in root growth inhibition by boron deficiency (Camacho-Cristobal et al.,
2015).
In addition, the enhanced expression of ABCB1/4/19 by BPA (Figure S2) likely enables higher
amounts of auxin to translocate upward from the root tip to the elongation zone. Basipetal auxin
transport in the root tip of Arabidopsis is mediated by the concerted function of PIN2 (Friml et
al., 2003; Muller et al., 1998), ABCB1 (Geisler et al., 2005), ABCB4 (Terasaka et al., 2005; Wu
et al., 2007), and AUX1 (Swarup et al., 2001) towards the root elongation zone. The abcb1 and
abcb4 mutants exhibited reduced basipetal auxin transport (Geisler et al., 2005; Lewis et al.,
2007). However, the functional redundancy of AtABCB1 and ABCB19 cannot be excluded
(Bouchard et al., 2006; Geisler et al., 2003).
In conclusion, BPA inhibits primary root growth by repressing cell division in the
meristem zone and cell elongation in the elongation zone through auxin
accumulation/redistribution in the meristem zone and elongation zone in Arabidopsis.
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Figure legends
FIGURE 1 BPA inhibits primary root growth by reducing the length of the elongation zone and
expansin expression in Arabidopsis. (a) Longitudinal views of the wild-type (Col-0)
Arabidopsis seedlings grown for 2 weeks on a 1/2 MS agar media supplemented with varying
concentrations (0 to 10 ppm) of BPA. (b) Accumulation levels of BPA in Arabidopsis in (a). (c)
Primary root length, (d) the length of the elongation zone, (e) the cell length of the elongation
zone, and (f) the longitudinal views of the Arabidopsis seedlings grown for 10 days on the
control (1/2 MS) and agar media supplemented with 10 ppm BPA; bar=400 µM. (g) Transcript
levels of AtEXPA8 and AtEXPA10 determined by qRT-PCR in roots of Arabidopsis seedlings.
Data indicate the mean ± standard error (SE) of three independent experiments. Different letters
above the columns represent statistical differences between treatments according to Tukey’s
multiple comparison test (p ≤ 0.05). For microscopy images, three independent experiments 
were performed in which at least 10 seedlings were photographed in each treatment, and a
representative image has been displayed.
FIGURE 2 BPA inhibits primary root growth by reducing the length of the meristem zone and
CYCB1;1 expression in Arabidopsis. (a) The length of the meristem zone. (b) The number of
meristem cell. (c) Cell division activity in CYCB1;1::GUS seedlings; bar=100 µM. (d, e)
Transcript level of AtUPB1 in roots of Arabidopsis seedlings, and confocal images showing the
YFP fluorescence in roots of pUPB1:YFP seedlings (bar=100 µM). Data indicate the mean ±
SE (n=3). Different letters above the columns represent statistical differences between
treatments (Tukey’s test, p ≤ 0.05).  
FIGURE 3 Enhancement of auxin accumulation/distribution by BPA in Arabidopsis. (a)
Prolonged (8 h) GUS staining in roots of DR5::GUS seedlings treated with 0 (1/2 MS control),
25
100 ppb, 1 ppm, and 10 ppm BPA; bar=100 µM. (b) GUS staining in roots of 5-day-old
DR5::GUS seedlings treated with 10 ppm BPA for 0, 6, 12 and 24 h; bar=100 µM. (c) Confocal
images ofDR5rev::GFP seedlings; bar=100 µM. (d) Confocal images of DII-VENUS seedlings;
bar=100 µM.
FIGURE 4 Reductions of root growth, expansin expression and cell division activity by auxin
in Arabidopsis. (a) Primary root lengths of the Arabidopsis seedlings treated without (1/2 MS)
and with IAA (100 and 200 nM) and NAA (100 and 200 nM) for 10 days. (b, c) Transcript
levels of AtEXPA8 and AtEXPA10 determined by qRT-PCR in the roots ofArabidopsis seedlings
grown and treated as in (a). (d) GUS expression in roots of CYCB1;1::GUS seedlings grown in
the presence and absence of 200 nM IAA or NAA; bar=100 µM. Data indicate the mean ± SE
(n=3). Different letters above the columns represent statistical differences between treatments
(Tukey’s test, p ≤ 0.05).  
FIGURE 5Modulation of auxin transporter expressions by BPA and root growth inhibitions in
auxin transporter mutants. Confocal images of pPIN1::PIN1-GFP (a), pPIN2::PIN2-GFP (b)
and pPIN4::YFP (c), and GUS staining of pPIN7::PIN7-GUS (d) and pPIN7::GUS (e), and
confocal image of pAUX1::AUX1-YFP (f) seedlings grown for 5 days on 1/2 MS agar media
supplemented without (left) and with 10 ppm BPA (right); bar=100 µM. (g) BPA-induced root
growth inhibition in wild-type (Col-0) and various auxin transporter mutants. Seven-day-old
Col-0 and auxin transporter mutants grown on 1/2 MS agar media were exposed to 10 ppm BPA
for 24 h, and the lengths of newly grown roots were measured after growth for an additional 2
days on 1/2 MS media. For each line, the value of root growth in the control condition (1/2 MS)
was set as 100%, and the relative value of BPA-treated seedlings was calculated. Data indicate
the mean ± SE (n=3), and each includes >30 seedlings. Asterisks represent significant
26
differences between lines in the presence of BPA (P ≤ 0.05). n.s; no significant difference.
FIGURE 6 Treatment with auxin efflux inhibitor (NPA) and influx inhibitor (NOA) restores
BPA-induced root growth inhibition, DR5 induction and CYCB1;1 repression. (a) Primary root
length of wild-type (Col-0) Arabidopsis grown for 10 days on media supplemented without and
with BPA (10 ppm) in the presence or absence of NPA (1 µM) and NOA (1 µM). (b) GUS
staining in roots ofDR5::GUS seedlings treated without and with BPA (10 ppm) in the presence
or absence of NPA (1 µM) and NOA (1 µM) for 5 days; bar=100 µM. Graph (right) shows the
quantification of the GUS staining. (c) GUS expression in roots of CYCB1;1::GUS seedlings
grown and treated as in (b). Graph (right) is the quantification of the GUS staining. Data indicate
the mean ± SE (n=3). Different letters above the columns represent statistical differences
between treatments (Tukey’s test, p ≤ 0.05).  
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